Abstract-Wind power plants and other renewable power plants with power electronic interfaces are capable of delivering frequency response (both governor and/or inertial response) to the grid by a control action; thus, the reduction of available online inertia as conventional power plants are retired can be compensated by designing renewable power plant controls to include frequency response. The source of energy to be delivered as inertial response is determined by the type of generation and control strategy chosen.
I. INTRODUCTION
HE total inertia stored in all rotating masses (synchronous generators, induction motors, etc.) connected to a power system grid is an essential force that keeps the system stable after disturbances. Power systems have been experiencing reduced inertia for the past few decades [1] . This trend will continue as conventional power plants are retired and the level of renewable generation (e.g., wind and solar) increases.
Wind power plants (WPPs) and other renewable power plants with power electronic interfaces are capable of delivering frequency response (both droop and/or inertial response) by a control action; thus, the reduction in available online inertia can be compensated by designing the plant control to include frequency response [2] , [3] . The source of energy to deliver inertial response in a wind turbine generator (WTG) can be derived from the kinetic energy of the rotating blades or from energy storage. The opportunity to use energy storage in a renewable power plant is found in two locations: one is at the plant level at the low side of the substation; and the other is at the generator level (at the DC bus in parallel with the DC capacitor), as shown in Fig. 1 . The green arrows show the possible directions of power flow when the turbine is online or offline.
The capability to deliver output power from energy storage at the point of interconnection is determined by the power rating of the power converter at the turbine level. The maximum length of time the stored energy can be delivered is determined by the energy content and the rate of the power output. It is very straightforward; thus, it will not be discussed further. This report focuses only on Type 3 WTGs. Detailed dynamic model equations to simulate the DFIG system including storage can be found in [4] , [5] . Note that the size of the energy storage depends on the requirements and the techno-economic analysis of the project considered. In this paper, we consider only the technical aspects, not the economic aspects. In practical implementation, the battery sizing must be treated and analyzed in more detail based on the need and importance. Many references are available to compute the battery sizing [6] , [7] . This paper is arranged as follows: Section II presents the steady-state behavior of Type 3 WTGs and energy storage, and Section III presents the dynamic simulation behavior. Finally, Section IV presents the conclusion.
II. TYPE 3 WTGS AND ENERGY STORAGE CONSIDERATION
Since the induction machine was invented by Nikola Tesla in 1883, it has been preferred for extensive industrial applications because of its numerous advantages. One such advantage of a wound-rotor induction machine is that it allows for variable-speed operation with a relatively simple design modification-i.e., by inserting a variable rotor resistance into the rotor winding via a three-phase slip ring. Recently, the use of wound-rotor induction machines has been revived in the form of induction generators for wind turbine applications. With the power converter connected to the rotor winding, the induction generator can be operated at variable speed using a partial-rating power converter. This configuration is referred to as a doubly-fed induction generator (DFIG). 
1) Basic Equations
From the per-phase equivalent circuit of a DFIG, which is shown in Fig. 2 , we can derive the equations to determine the size of the power converter needed. From the equivalent circuit, the induced rotor emf, E r , is proportional to the winding ratio and to the rotor frequency. In a locked rotor condition (slip = 1), the stator-to-rotor winding relationship is similar to a transformer. As the slip gets smaller, the rotor voltage decreases. The relationship between the stator emf, E s , and slip can be written as:
The current ratio is not affected by the rotor frequency, and it can be written as:
The ratio of the actual rotor impedance to the stator-referred rotor impedance is given by:
The useful active power at the stator side can be computed as:
The real power at the rotor side can be computed as:
5)
By substitution, we get:
Or:
Of the total air gap power of the generator, only a small fraction is dissipated in the rotor circuits. The total electrical output power generated to the grid is given by:
Thus, the total power generated by the turbine is converted into electrical power delivered to the grid; the majority is delivered via the stator winding, and the rest via the rotor output power. For example, assuming that the turn ratio of the stator-to-rotor winding is one, the DFIG needs to be operated at + 30% slip. The power converter to be used must have a rated voltage of approximately 30% and rated current of 100%. The implication is that using a DFIG in variable speed with slip variation from -30% to +30% requires the size of the power converter to be approximately 30% of the rated power of the induction generator.
2) Power Converter and Generator Control
The power converter and the DFIG are controlled based on the equations derived in the previous section. The reference power is the commanded power output of the turbine. The DFIG has two separate paths of generation: the stator output power and the rotor output power. The output power from the stator winding (always flowing out of the stator to the grid) can be described as:
Stator power generated by the DFIG as a function of the total power is illustrated in Fig. 3 . As shown, the variation of the stator power is very narrow. For example, in the span of 0.2 p.u. total power variation, the stator power varies by approximately 2%.
The rotor power can be computed as: Thus, the total power entering the rotor winding of the DFIG is as shown in Fig. 4 . Note that the sign of rotor power changes from positive in subsynchronous operation, indicating that the power enters the rotor winding from the grid, into negative in supersynchronous operation, indicating that the power leaves the rotor winding into the grid.
As
total power variations, the rotor power varies by approximately + 12%. Note that the rotor power becomes zero at the synchronous speed (slip = 0). Below the synchronous speed, the rotor power flows from the grid into the rotor winding; above the synchronous speed, the rotor power flows from the rotor winding to the grid.
As shown in Fig. 5 , the machine-side converter (MSC) is used to control the commanded stator output power (P stator-ref ) based on the calculated reference that will optimize the turbine. As shown in Fig. 6 , the line-side converter (LSC) is controlled to maintain the DC bus constant and the reactive power contribution from the LSC to the grid. Note that by controlling the DC bus constant, the LSC automatically transfers the rotor power to the grid. The real power component of the current, I pLSC , is controlled to maintain the DC bus voltage, whereas the reactive power component of the current, I qLSC , is used to control the requested reactive power from the LSC.
3) Operation without Energy Storage
The operation of a power converter and the DFIG without energy storage is governed by (9)-(12). In the stator circuit, the direction output power flow, P ms , is always coming out of the stator terminals. On the other hand, the output power of the rotor circuit has a bidirectional power flow.
Operating a power converter without energy storage must follow the rule that the power in is equal to the power out both in sign and in magnitude. Thus, the power flowing into the rotor (P mr ) is equal to the power entering the power converter from the grid (P LSC ). For subsynchronous and supersynchronous operations:
a) C p_max Operation without Energy Storage
Normal operation of a power converter and the DFIG without energy storage is governed by the equations for maximizing energy capture of the wind turbine (C p_max operation). The total power is represented by:
The stator and rotor power can be found by (7) and (8). Fig. 7 . P stator , P rotor , and P total as a function of rotor speed for normal (C pmax ) operation Fig. 7 illustrates the power division between the stator and the rotor circuits. In subsynchronous rotor speed (slip = 0.3 through slip = 0), the output power from the rotor is negative (the power entering the rotor circuit from the grid); in supersynchronous operation (slip = 0 through slip = -0.3) the output power from the rotor is positive (out of the rotor winding). The total output power is shown by the solid black line.
b) T max Operation without Energy Storage
The maximum torque operation of the power converter and the DFIG without energy storage is governed by:
This operation is chosen to maximize the output power during the frequency response-for example, to maximize the output power contribution from the turbine without exceeding the maximum torque and thus preserve the gearbox and other mechanical components between the grid and the blades. Using (13), (9), and (10), we can get the power division between the rotor and stator windings, as shown in Fig. 8 . Fig. 8 . P stator , P rotor , and P total as a function of rotor speed for maximum torque operation
Comparing Fig. 7 to Fig. 8 , the major difference is in the operation in the subsynchronous region, where the power flowing into the rotor circuits is much larger than it is in normal operation. The power converter must be sized to accommodate the 10% overload to provide a power boost during the inertial response. Thus, the size is now 0.253 p.u. instead of 0.23 p.u., as it is in normal (C p_max ) operation.
4) Operation with Energy Storage
With the presence of energy storage, the output power of the LSC (P LSC ) is independent of the output power from the rotor into or out of the rotor circuit. Fig. 9 shows the comparison of two systems of DFIG generations (with and without storage). Equation (13) can be rewritten to include energy storage, as follows: The power converter and the DFIG are controlled based on the equations derived in the previous section; however, with the presence of storage, there is freedom to release the storage power provided that the power rating of the LSC is not exceeded and the energy content is not depleted to an unsafe level. Thus, the output power of the LSC is controllable by controlling the output of the storage. This is a significant advantage-with energy storage on the DC bus, a DFIG can deliver sizable additional output power to support the grid during frequency dips (to provide inertial response).
From the point of view of electric machines, the operation presented in Fig. 8 is the same as the operation presented in Fig.  10 (i. e., the DFIG is operated at maximum torque). However, from the perspective of the power converter, the energy storage enables the LSC of the DFIG to deliver the maximum possible output power (+ 0.253 p.u.) regardless of the rotor speed. Operation without energy storage dictates that the P LSC is tied to the rotor power. Comparing the P LSC shows that there is a significant addition of output power from the additional energy storage (refer to the area bounded by points A, B, and C in Fig.  10 ). At the lower wind speed, without energy storage, the system can only deliver maximum output power of 0.45 p.u. (at a rotor speed of 0.55 p.u.). In comparison, a system with energy storage can deliver maximum output power of 0.9 p.u. at the same rotor speed. For example, under normal conditions, the WTG operates at Point O following the Cpmax operation (brown dashed-dotted line). When the WTG is commanded to generate inertial response, the operating point of the generator can go from Point O to Point C, instead of from Point O to Point A. This additional output power (A to C) significantly boosted the capability of the DFIG to support the grid frequency in time of need.
The thick red line in Fig. 10 is the total output power that can be delivered when the DFIG is equipped with energy storage in the DC bus. The difference between the thin black line and the thick red line is the additional power capability for the system with the energy storage. Note that in subsynchronous operation, the storage must supply both the power into the rotor circuit and the power into the LSC, but during supersynchronous operation, it has to deliver power only to the LSC. Thus, the storage power capability has to be larger than the LSC power rating.
III. CONCLUSIONS DFIG (Type 3) WTGs are currently the most popular WTGs installed on WPPs. The advantage of a DFIG is that its power converter is much smaller than the total rating of the WTG because it is used only to convert the slip power of the DFIG; thus, the capability to operate in an overload condition is also limited. DFIGs can be controlled to provide inertial response during frequency dips on the grid. This paper explored the opportunity to use energy storage on a DFIG to take advantage of the nature of its generation. It is assumed that the DFIG is built with +30% operating slip. The energy storage on the DC bus of a DFIG enables the WTG to deliver up to 45% more power to the grid at low wind power than a DFIG without energy storage. This significant additional power boost may determine whether the power system will be able to ride through frequency dips, which are often caused by the loss of generation due to faults within the transmission lines.
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